Maximum power point tracking (MPPT) techniques are used in photovoltaic (PV) systems to maximize the PV array output power by tracking continuously the maximum power point (MPP) which depends on panel's temperature and on irradiance conditions. For low-cost implementations, four methods are introduced in this paper in a comparative study: Hill Climbing/the perturb and observe (P&O), Incremental Conductance (IncCond), Fractional Open-Circuit Voltage and Fractional Short-Circuit Current maximum power point tracking algorithms. These are the most commonly used methods due their implementation ease. In this paper, models of different types of photovoltaic such as Single-crystalline, Polycrystalline and Amorphous are implemented and compared based on their characteristics and their MPP tracking efficiency. "MATLAB R2008a" facilities are used for simulation and modeling of different methods of MPPT tracking on different types of PV models mentioned above.
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Figure (1): Equivalent circuit for PV modules
Where: S is the solar insolation in W/m 2 , T ref is the reference temperature (298 K), T is the cell temperature, E g is the band gap energy of the cell semiconductor, k is Boltzmann constant, R s is the series resistance, R sh is the shunt resistance, n is the diode emission factor, I do is the diode reversal current, I sho is the short-circuit current at reference state and Jo is its temperature coefficient. The parameters of three types (single-crystalline, polycrystalline and amorphous) PV modules are shown in Table 1 [2] . As given, there is a large difference in R sh and I do among these modules. In amorphous module, both the diode reversal current I do and the diode emission factor n are larger than those of the crystalline modules. Figs. 2(a) and (b) give (I-V) and (P-V) characteristics of the three PV modules at same temperature and solar radiation (S=715.8 W/m 2 , T=50.1°C). As shown, singlecrystalline gives the highest power, polycrystalline have also a good performance but amorphous is the lowest one. 
Influence of temperature, solar radiation and series resistance
The effect of different values of solar radiation for single-crystalline type is shown in Fig. 3 , while the effect of temperature changing for amorphous type is shown in Fig. 4 . Simulating for series resistance varying is illustrated for polycrystalline type in Fig. 5 .
As shown, the short circuit current is clearly proportional to solar radiation ( Fig. 3(a) ), and also more maximum output power ( Fig. 3(b) ).
On the other hand, the temperature dependence is inverse proportional (Fig. 4(a) ); an increase in temperature causes a reduction of the open-circuit voltage (when sufficiently high) and hence also of the maximum output power (Fig. 4(b) ). Therefore, these opposite effects of the variations of solar radiation and temperature on the maximum output power ensure tracking MPP efficiently is so essential. The series resistance of the model has a large impact on the slope of the I-V curves at V OC as seen in Fig.5 [3] . 
Hill Climbing/P&O
Hill climbing involves a perturbation in the duty ratio of the power converter according to the sign of dP/dV [4] [5] [6] [7] [8] [9] [10] . The flow chart of the algorithm is shown in Fig.7 .
As illustrated in Fig.6 , in the right hand side curve where the voltage is almost constant the slope of power voltage is negative (dP/dV < 0) whereas in the left hand side, the slope is positive (dP/dV > 0). The right side curve is for the lower duty cycle (nearer to zero) whereas the left side curve is for the higher duty cycle (nearer to unity). So, depending on the sign of dP (P (k+1) -P (k)) and dV (V(k+1) -V(k)) the algorithm decides whether to increase or reduce the duty cycle until to reach the MPP.
Figure (7): Hill Climbing/Perturb and observe MPPT flowchart used for Matlab simulation
Results for implementing such algorithm for the polycrystalline type are shown in Fig.8 (a) & (b) starting from higher duty cycle (left half of the PV curve) that is 0.96 and at 0.59 initial duty cycle value which lies in the right half of the PV curve. In such cases, solar insolation and cell temperature were kept constant at S=715.8 W/m2, T=50.1°C. From the achieved results, it is inferred that the algorithm tracks the peak power from both directions of PV curve (right and the left halves), and then system oscillates about the MPP. The oscillation lies between three points -2% maximum of the MPP for a [4] [5] . In [6] , fuzzy logic control is used to optimize the magnitude of the next perturbation. In [7] , a two-stage algorithm is proposed that offers faster tracking in the first stage and finer tracking in the second stage.
Two sensors are usually required to measure the PV array voltage and current from which power is computed, but depending on the power converter topology, only a voltage sensor might be needed as in [8] . In [9] , the PV array current from the PV array voltage is estimated, eliminating the need for a current sensor. Digital signal processing (DSP) or microcomputer control is more suitable for hill climbing and P&O even though discrete analog and digital circuitry can be used as in [10] . 
Incremental Conductance
The incremental conductance (IncCond) method is based on the slope of the PV array power curve [11] : 
Fractional Open-Circuit Voltage
The near linear relationship between V MPP and V OC of the PV array, under varying irradiance and temperature levels, has given rise to the fractional V OC method [12] [13] [14] .
Where K 1 is a constant of proportionality which dependent on the characteristics of the PV array being used. It is usually has to be computed beforehand by empirically determining V MPP and V OC for a specific PV array at different irradiance and temperature levels. The factor K 1 has been reported to be between 0.71 and 0. 
Figure (12b): Fractional open-circuit voltage MPPT from the right half
The oscillation is between two points -1.2% maximum of the MPP for a constant perturbation ΔD = 0.04. From the left half, the system takes more time response to reach the MPP; due to the duty cycle at which the MPP occurs of the amorphous type is far from the initial duty cycle 0.96.
Once K 1 is known, V MPP can be computed using (12) with V OC measured periodically by momentarily shutting down the power converter. However, this incurs some disadvantages, including temporary loss of power. To prevent this, [12] uses pilot cells from which V OC can be obtained. These pilot cells must be carefully chosen to closely represent the characteristics of the PV array. In [13] Since (12) is only an approximation, the PV array technically never operates at the MPP. Depending on the application of the PV system, this can sometimes be adequate. Even if fractional V OC is not a true MPPT technique, it is very easy and cheap to implement as it does not necessarily require DSP or microcontroller control. However, [14] points out that k 1 is no more valid in the presence of partial shading (which causes multiple local maxima) of the PV array and proposes sweeping the PV array voltage to update K 1 . This obviously adds to the implementation complexity and incurs more power loss.
Fractional Short-Circuit current
Fractional I SC results from the fact that, under varying atmospheric conditions, I MPP is approximately linearly related to the I SC of the PV array as shown in [14] [15] I MPP ≈ K 2 * I SC ………………………………..…... (13) Where K 2 is a constant of proportionality as in the fractional V OC technique, K 2 has to be determined according to the PV array in use. The constant K 2 is generally found to be between 0.78 and 0.92
At S=715.8 W/m 2 , T=50.1°C K 2 = 0.9084 for the polycrystalline, 0.8883 for the singlecrystalline and 0.7845 for the amorphous type. The algorithm of the fractional short circuit current is presented in Fig.13 . The duty cycle is reduced or increased by comparing I MPP computed from I SC and the actual current I act . Fig.14 The oscillation is between two points -0.6% maximum of the MPP for a constant perturbation ΔD = 0.04. Measuring I SC during operation is problematic. An additional switch usually has to be added to the power converter to periodically short the PV array so that I SC can be measured using a current sensor. This increases the number of components and cost. In [15] , a boost converter is used, where the switch in the converter itself can be used to short the PV array. 
Proceedings of the

MPP Tracking Efficiency
The tracking efficiency is defined as in [16] :
Where P i represents the PV modules' output power, P max,i represents the maximum power available at the PV modules and n is the number of samples. A comparison for the cost of polycrystalline and amorphous in is listed in Table 2 . As noticed, the unit price of the polycrystalline is approximately 1.32 of the amorphous price. When the radiation increases suddenly from 450 to 715.8W/m 2 for the single-crystalline type, the system presents a good performance and tracks the new MPPT with 92% tracking efficiency as shown in Fig.16 .
Figure (16): Tracking new MPP when solar radiation changes
7.Major characteristics of MPPT techniques
The major characteristics of the four studied MPPT techniques that must be taken into consideration to choose which one is better according to applications needs are highlighted in Table 3 . Concerning economic cost, a good cost comparison can be made by knowing whether the technique is analog or digital, whether it requires software and programming, and the number of sensors. Analog implementation is generally cheaper than digital, which normally involves a microcontroller that needs to be programmed. Eliminating current sensors considerably drops the costs.
Conclusion
This paper presents a comparative study of four most commonly used methods, low-cost 
